M aintenance of nuclear architecture is crucial for gene regulation, cell proliferation, and tissue development. However, during every open mitosis and meiosis, chromosomes are exposed to cytoskeletal forces until they are fully reassembled into mature nuclei. Here we discuss our recent study of nuclear assembly in Xenopus egg extracts, where we showed that the DNA binding protein developmental pluripotency associated 2 (Dppa2) directly inhibits microtubule polymerization during nuclear formation, and that this is essential for normal nuclear shape and replication. We explore mechanisms by which microtubule dynamics could regulate nuclear formation and morphology, and discuss the importance of both spatial and temporal regulation of microtubules in this process. Moreover, expression of Dppa2 is limited to the early embryo and pluripotent tissues, and we highlight the specific demands of mitosis in these often rapidly dividing cells, in which telophase nuclear assembly must be expedited and may facilitate developmental changes in nuclear architecture.
Introduction
A diverse range of nuclear sizes, shapes, and structures are observed in physiologically normal organisms, yet rarely do we understand how distinct nuclear morphologies are achieved or what functions they accomplish. 1, 2 The nuclear envelope plays a key role in shaping nuclear architecture by providing a physical scaffold as well as multiple attachment sites to chromatin through inner nuclear membrane (INM) proteins. 3 The structural importance of INM proteins is exemplified by neutrophils, in which loss of lamin A promotes nuclear deformability to allow extravasation through narrow tissue spaces. 4 Similarly, INM proteins can organize nuclear contents, as seen in the rod photoreceptor cells of nocturnal mammals where downregulation of lamin A/C and lamin B receptor repositions heterochromatin to the center of the nucleus to reduce light scattering. 5 Abnormal nuclear morphology is frequently observed in cancers and many tissue dystrophies, which again is often linked to mutations in INM proteins. 6, 7 However, even when the structural components of the nucleus are intact, the nucleus is wholly dismantled during every open mitosis and meiosis and left critically vulnerable to outside forces until its reassembly is complete.
Nuclear Reassembly Following Mitosis and Meiosis
The nuclear division cycle is driven by cell cycle stage-specific phosphorylation and regulated proteolysis. 8, 9 The final events of M phase, involving spindle disassembly, chromatin decondensation, and nuclear envelope assembly (Fig. 1A) , require dephosphorylation, and/or destruction of M phase effectors. 10 Spindle disassembly is accomplished first by extinction of cyclin-dependent kinase 1 (Cdk1) activity, which causes a global change in microtubule behavior and makes microtubules less dynamic 11, 12 and, second, by degradation of spindle assembly factors such as HURP and NuSAP by the anaphase-promoting complex and/or cyclosome. 13 Chromosome decondensation requires the removal of the mitotic kinase Aurora B from chromosomes.
14,15 Aurora B is a subunit of the heterotetrameric chromosomal passenger complex (CPC), together with its partners INCENP, Borealin (also known as Dasra), and Survivin. Importantly, kinase inactivation alone of Cdk1 or Aurora B is insufficient for the events of mitotic exit, and phosphorylation marks placed by mitotic kinases must also be removed by phosphatases. [16] [17] [18] This is especially important for nuclear assembly, since persistent phosphorylation of INM proteins or nucleoporins inhibits assembly of the nuclear envelope and nuclear pore complexes, 16, [19] [20] [21] [22] and phosphatase activity is recruited to chromatin during telophase to promote nuclear formation. 22 All of these events are temporally coordinated, and disruption of this ordered sequence can lead to nuclear aberrations and compromise subsequent nuclear function. Abnormal mitosis is known to cause DNA breaks and chromosome translocations, 23 as well as aneuploidy and proteomic imbalance. 24 Strikingly, incompletely segregating chromosomes can become separated from the rest of the anaphase chromosomes due to aberrant spindle attachments or motor protein dysfunction. 25, 26 If the cell proceeds to nuclear envelope assembly without correcting these errors, the lagging chromosomes may become permanently encapsulated in micronuclei. 25, 26 These micronuclei can persist over subsequent cell divisions and have weakened nuclear envelopes that cannot support proper nuclear compartmentalization, transcription, or DNA replication. 26, 27 This is thought to create DNA damage and genomic instability, underscoring the importance of correctly executing mitosis for nuclear assembly and cellular function.
Pronuclear Assembly and the Xenopus Egg Extract System
Nuclear assembly in dividing cells has much in common with the events of fertilization and pronuclear assembly. In many animals, including humans and Xenopus, eggs are arrested at metaphase of meiosis II until release upon sperm entry. Female meiosis then completes and the egg chromosomes assemble into the maternal pronucleus in a process that is largely identical to nuclear assembly following mitosis (Fig. 1A) . Sperm follow a similar though not identical fate. Sperm nuclei are extensively remodeled during spermatogenesis, involving replacement of histones with protamines, assembly of a specialized nuclear envelope with few nuclear pores, and adoption of specialized nuclear shapes. 28 When sperm chromosomes are exposed to egg cytoplasm, these changes are reversed, and the chromosomes decompact, load histones, and assemble into the spherical paternal pronucleus with a high density of nuclear pores (Fig. 1B) . Although sperm pronuclear assembly is not associated with disassembly of any spindle, sperm nuclei bring centrosomes, which nucleate a distinct microtubule structure, namely the sperm aster (Fig. 1B) . This aster quickly grows to span the length of the egg, captures both the maternal and paternal pronuclei, and transports them toward one another in preparation for zygotic mitosis. 29 The dramatic changes observed during sperm pronuclear assembly make it a sensitive system to dissect the requirements of nuclear formation, including chromosome decondensation, membrane During fertilization completion of female meiosis II follows largely the same events, with disassembly of the meiotic spindle and assembly of the maternal pronucleus; the only major difference is that one meiotic daughter cell is extruded as a polar body (not pictured). (B) Fertilization also requires the dramatic conversion of compact sperm chromatin into decondensed spherical pronuclei. Concomitantly, astral microtubules nucleated from sperm centrosomes capture both sperm and egg pronuclei and transport them toward one another at the center of the egg. ♂, sperm chromosomes and pronucleus, ♀, female pronucleus. (C) Nuclear (and pronuclear) assembly results in assembly of a double nuclear membrane and nuclear pore complexes around decondensed chromatin.
recruitment, and nuclear pore assembly (Fig. 1C) . Cell-free extracts of Xenopus eggs robustly recapitulate this process and have yielded many mechanistic insights into nuclear assembly. 30, 31 To mimic fertilization sperm chromatin is added to metaphase-arrested egg extracts together with calcium. Pronuclear assembly can then be monitored as the dramatic conversion of compact, crescent-shaped sperm nuclei into decondensed spheres ( Fig. 2A) . At the same time, egg extracts also recapitulate the activity of sperm centrosomes, 29, 32 which rapidly assemble astral microtubules around the nascent pronucleus (Fig. 2B) . Importantly, mature sperm bring a limited complement of proteins, and the majority of chromatinbinding proteins that shape and organize the pronucleus-from histones to lamins-are loaded from the maternal pool in the egg. Specific factors can therefore be depleted from egg extracts to analyze their roles in nuclear assembly, which may otherwise be difficult in dividing cells where genetic deletions of critical proteins could be lethal.
In our recent study, we revealed that pronuclear assembly depends on finely balanced microtubule dynamics, controlled spatially and temporally by chromatin-bound regulators. 33 Excessive microtubule polymerization, for example induced by the drug taxol, causes assembly of distorted nuclei with irregular shapes. We identified a regulator of this process, developmental pluripotency associated 2 (Dppa2), from a mass spectrometry-based survey of proteins bound to chromatin in Xenopus egg extracts. We showed that Dppa2 is a novel suppressor of microtubule polymerization that controls microtubules during nuclear formation. Depletion of Dppa2 from Xenopus egg extracts mimics taxol treatment, leading to enhanced sperm aster microtubule polymerization and abnormal nuclear shape with reduced lamin and nuclear pore assembly. These abnormal nuclei are also functionally compromised, showing delayed and disorganized DNA replication (Fig. 3A) .
We discovered that we could rescue the effects of Dppa2 depletion by reducing microtubule assembly to normal levels. The CPC is an important promoter of microtubule polymerization around chromatin, and its subunits can be stoichiometrically depleted from egg extracts with anti-INCENP antibodies. 34 Co-depletion of the CPC reduces microtubule polymerization and concomitantly rescues nuclear shape in Dppa2-depleted extracts. 33 We achieved the same effect with a low dose of nocodazole that reduces-but does not abolish-microtubule assembly. 33 This level of nocodazole also rescues DNA replication in Dppa2-depleted extracts. However, while higher concentrations of nocodazole continue to rescue nuclear shape, when microtubules are completely abolished, nuclear size is concomitantly reduced. This is consistent with evidence that membranes and nuclear pore complexes are delivered to nascent nuclei along microtubule tracks. 35 Thus, microtubules play both positive and negative roles during pronuclear assembly; some microtubules are required to promote nuclear growth, but excessive polymerization leads to nuclear shape and function defects (Fig. 3B) . We confirmed that the effects of Dppa2 depletion and treatment with nocodazole or taxol are not due to altered cell cycle timing, since mitotic kinase activities are downregulated normally after these treatments, and nuclear assembly defects persist even in the absence of the spindle assembly checkpoint. 33 
Spatial Control of Microtubule Dynamics
We showed that Dppa2 suppresses assembly of microtubules both in Xenopus egg extracts and from purified tubulin in vitro. However, Dppa2 is unique among microtubule regulators in that it is localized exclusively to chromatin. 33 We propose that this is essential to spatially restrict Dppa2 activity. By deleting a conserved DNA-binding domain in Dppa2, the SAP (SAF-A/B, Acinus, and PIAS) motif, 36 we were able to separate the DNA-binding and microtubule-inhibitory functions of Dppa2. While DNA binding is dispensable for inhibiting microtubule assembly, it is still required to promote nuclear formation. We suggest that DNA binding allows Dppa2 to suppress microtubules specifically in the vicinity of chromatin to protect the nucleus. Electron microscopy studies of telophase nuclear assembly in human cells have revealed the presence of microtubules occupying gaps in the nascent nuclear membrane. 37 Similarly, live imaging has demonstrated that during nuclear assembly lamin B receptor is initially recruited to chromatin at sites away from microtubule density. 38, 39 These results suggest that microtubules could physically obstruct nuclear envelope assembly. Indeed, when anaphase HeLa cells are treated with nocodazole or taxol, the timing of nuclear envelope closure is accelerated or delayed respectively. 40 Moreover, microtubule-dependent motor proteins may also interfere with nuclear formation, since dynein can bind and tear the nuclear envelope, a process that contributes to nuclear envelope breakdown at mitotic entry. 41, 42 In addition to presenting structural impediments to nuclear envelope assembly, microtubules may also produce signaling events that delay nuclear formation. For example, Aurora B inhibits chromosome decondensation and must be removed from chromatin at mitotic exit, 14 and Aurora B kinase activity is stimulated by microtubules. 34 Dppa2 could therefore suppress microtubule polymerization to counteract such signaling pathways. However, excess microtubule polymerization induced by taxol impedes nuclear assembly even in CPC-depleted extracts, 33 indicating that the effect of microtubules on nuclear assembly cannot be attributed solely to Aurora B. Localizing Dppa2 activity to chromatin may represent a mechanism for local control so as not to disturb microtubule dynamics elsewhere in the cell. This is especially important in the millimeter-scale Xenopus egg, where disparate populations of microtubules may accomplish diverse functions around the cell and thus require distinct local regulators. In our study we examined pronuclear assembly and found that it was inhibited by stabilization of sperm aster microtubules (Fig. 1B) , but remnants of mitotic spindle microtubules 40 could have similar effects during nuclear formation after mitotic exit (Fig. 1A) . In both cases, we predict that the strongest perturbations of nuclear assembly would come from the behavior of microtubules in the immediate vicinity of chromatin.
Temporal Control of Microtubule Dynamics
In addition to spatial control, we discovered that nuclear assembly is uniquely sensitive to microtubule dynamics during a specific time window at the transition from M phase to interphase, when nuclear assembly is still in its early stages. 33 Taxol only causes nuclear defects if added during this window, and similarly abnormal nuclear shape in Dppa2-depleted extracts is only rescued by nocodazole if the drug is added during this time. There is therefore a specific requirement for regulated microtubule dynamics during early nuclear formation. We suggest that, during this time, the nascent nucleus has not yet acquired sufficient strength to resist microtubule-dependent shear forces, such as those implicated in nuclear envelope breakdown. 41, 42 Microtubulegenerated forces could induce permanent deformations, which are not rescued when microtubules are abolished at later time points. Once nuclear envelope assembly is complete, mature nuclei exclude microtubules 43 and become strong enough to resist external stresses. This strength may be conferred by the continuous import and assembly of structural proteins such as lamins, 44 although lamins may not be the only proteins involved since they are dispensable for normal cell division. 45 At the same time as nuclear formation begins, exit from M phase brings a global change in microtubule dynamics. 11, 12 Specifically, the frequency of microtubule catastrophe, which refers to a transition from growth to shrinkage, decreases 10-fold, and interphase microtubules typically exhibit unbounded growth in a constant direction. 12 This stabilization may lessen the stress that nuclei experience relative to M phase, when they are pushed and pulled by many microtubules and microtubule-associated motors in different and changing directions.
Our data support the notion that microtubules play both positive and negative roles in nuclear assembly, since taxol treatment impairs nuclear morphology, but nocodazole treatment delays nuclear expansion. 33 Interestingly, a number of proteins, namely STIM1 and REEP3/4, can interact with both microtubules and endoplasmic reticular membranes. 46, 47 REEP3 and REEP4 are required to clear membranes away from metaphase chromosomes, likely by microtubule minus-end directed transport, 47 while mitotic phosphorylation of the transmembrane protein STIM1 causes it to dissociate from microtubule plus ends, preventing invasion of membranes into the spindle. 46 There exists therefore a physical network of connections between membranes and microtubules. As the cell division cycle unfolds, this network is dynamically tuned, for example by phosphoregulation, 46 so that chromosomes initially exclude membranes during spindle assembly but switch to excluding microtubules during nuclear formation.
Nuclear Assembly in Embryonic Systems
Like its mammalian homologs, Xenopus Dppa2 is expressed exclusively in the early embryo. 48, 49 Embryonic tissues often divide rapidly; this is especially apparent in Xenopus embryos that cleave every 30 min until the mid-blastula transition. 50 Such short cell cycles are accomplished by eliminating gap phases but can also involve specialized mechanisms to accelerate mitosis. For example, in early frog and zebrafish embryos, nuclear envelope assembly is initiated before chromosome segregation is complete, enclosing individual anaphase chromatids inside micronuclei known as karyomeres. 51, 52 Karyomeres are distinct from the micronuclei that result from chromosome segregation errors 26, 27 and instead allow DNA replication to begin early and gain a head start on the next mitosis. 51 Dppa2 may help to facilitate such rapid nuclear formation in the early embryo, consistent with antisense morpholino-mediated knockdown experiments, which showed that Dppa2 is required for early embryonic development. 49 Futhermore, we note that our experiments using Xenopus egg extracts most closely mimic fertilization, which takes place less rapidly; the first cell division of Xenopus lasts around 80 min from meiotic metaphase II to the first diploid metaphase, 53 compared with 30 min in subsequent mitoses. 50 Dppa2 may play a key role in ensuring proper pronuclear assembly and fertilization, which would not be apparent in morpholino experiments that cannot remove the maternal pool of Dppa2 protein stored in the egg.
We expect that other specialized mechanisms to promote rapid mitosis remain to be discovered both in embryonic cells and rapidly dividing somatic cells. Similarly, misregulated mitotic timing could contribute to disease. For example, chromatin-induced signals promote both spindle assembly and nuclear envelope formation, 30, 31, 54 and chromosomal gain in aneuploid cancer cells has been proposed to accelerate mitotic progression by amplifying these signals. 55 
Additional Functions of Dppa2
The C terminus of Xenopus Dppa2, which is critical for its activity to inhibit microtubule polymerization, 33 does not appear to be conserved in mammals. 49 In our study we did not address whether homologs of Dppa2 possess the same functionality, but it is possible that microtubule inhibition is dispensable in mammalian embryos, which divide relatively slowly compared with Xenopus. Chromatin immunoprecipitation experiments suggest that murine Dppa2 functions as a transcription factor and binds the promoters of the developmental genes Nkx2-5 and Syce1. 56 Moreover, Dppa2 can act as a reprogramming factor in the derivation of mouse induced pluripotent stem cells. 57 Dppa2 genes appear therefore to be important across different species for embryonic nuclear function. Future studies are needed to investigate whether Dppa2 regulates gene expression in all organisms, whether it does so directly or indirectly, how it might interface with nuclear architecture via the lamina or nuclear pores, and whether it binds specific DNA sequences or chromatin environments.
Concluding Remarks
Nuclear morphology and organization can influence cellular function both by directly controlling the physical properties of the nucleus and by indirectly influencing gene expression. 1, 2 Xenopus egg extracts offer a tractable biochemical system for investigating the mechanics of nuclear assembly, allowing depletion of essential proteins that may be difficult to remove from living cells. Our study demonstrated that tight regulation of microtubule dynamics is essential for nuclear formation and is maintained in Xenopus by Dppa2. 33 Depletion of Dppa2 disrupted pronuclear DNA replication, but subtler perturbations of nuclear morphology could still lead to phenotypes that manifest later in development. We anticipate that many regulators of nuclear assembly will play important roles in normal development and pathogenesis. In organisms that carry out open mitosis, every cell division affords an opportunity to reshuffle nuclear organization, 58 and thus a chance to reshape cell function and subsequent cell fate.
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